Introduction
Coronary arterial thrombosis is a complex pathologic cascade involving diseased endothelium, exposure of subendothelial matrix, platelet activation, platelet aggregation, and generation of thrombin ultimately leading to assembly of a shear resistant platelet-fibrin thrombus. The contributions of both platelets and fibrin to mechanical properties of clot formation have been well studied.
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Increasing interest has focused on the ability to personalize medical therapy across all subspecialties including those focusing on treatment of cardiovascular disease. 3, 4 Clinical trials have started to focus on treating particular subgroups of patients with coronary artery disease in secondary prevention, such as patients with multiple cardiovascular risk factors, to isolate either high-risk subgroups or groups expected to respond to the experimental therapy.
Thrombelastography (TEG) is an ex vivo thrombosis assay that is able to measure the kinetics of clot formation. 6, 7 High clot strength measured by TEG has been found to be a marker associated with increased thrombotic risk in various clinical circumstances. 8, 9 We recently described our findings of an association with elevated plasma fibrin clot strength measured by TEG and increased risk of future recurrent myocardial infarction (MI) and stent thrombosis in a cohort of patients with coronary artery disease and percutaneous coronary intervention (PCI).
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Factor XIII (FXIII) is activated by thrombin and as the final enzymatic step in the coagulation cascade, it cross-links assembled soluble fibrin strands into a solid, shear resistant fibrin network. 2, [11] [12] [13] In addition to cross-linking of fibrin strands, FXIIIa also has other anti-fibrinolytic functions, and participates in platelet-mediated clot contraction. 13, 14 Deficiency of FXIII causes severe bleeding diathesis and restitution of FXIII in FXIII-deficient plasma dose-dependently increases clot strength measured by TEG. 11 The contribution of FXIIIa activity to the risk of recurrent coronary thrombosis in patients treated with dual-antiplatelet therapy has not been previously studied. We intended to further investigate the relative contribution of factor FXIIIa activity on ischemic risk, as well as interaction of FXIIIa with other TEG parameters (MA: maximal clot strength; R: reaction time; K: clot formation time) in the previously published cohort.

Methods
Study Design and Patient Population
The study protocol was approved by the Indiana University Institutional Review Board. All subjects provided written informed consent. We enrolled subjects among patients referred for cardiac catheterization or in follow-up to a cardiac catheterization. Subjects were included in this analysis if they had angiographically established coronary artery disease and had undergone PCI. In addition, to be included in this analysis, all subjects had to have had both plasma TEG and FXIIIa measurements completed.
Blood Samples
Blood samples were collected into Vacutainer tubes containing Na-citrate 3.2%. Whole citrate blood was centrifuged at 2,000 Â g for 15 minutes and resulting platelet-poor citrate plasma was stored at À80°C until analysis. Blood samples were obtained prior to or at least 12 hours after administration of heparin or bivalirudin.
Thrombelastography
We performed kaolin-activated TEG in citrate platelet-poor plasma according to the manufacturer's instructions (TEG5000 system, Haemonetics, Braintree, Massachusetts, United States). Citrate plasma was mixed with kaolin, inverted five times, and then loaded in a heparinase-coated cup containing 20 µL of CaCl 2 . TEG was stopped after maximal fibrin clot strength was recorded. Time to fibrin formation or reaction time (R, min), clot formation time (defined as time from beginning of clot formation until clot firmness amplitude reaches 20 mm; K, min), and maximal clot strength (MA, mm) were recorded.
Factor XIIIa
Factor XIIIa concentration (FXIII-subunit A) was measured by enzyme-linked immunoassay in citrate plasma according to the manufacturer's instructions (FXIIIa [human] ELISA kit; Aniara, West Chester, Ohio, United States). In the assay, the FXIIIa concentration is expressed as percentage, standardized to a normal human-citrated plasma pool. The average normal concentration of FXIII tetramer in plasma is $25 μg/ mL according to the manufacturer of the assay (Aniara).
Clinical Endpoints
The primary combined endpoint was defined as first occurrence of cardiovascular death (CVD) or MI. Myocardial infarction was defined according to the universal definition of MI.
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Secondary endpoints included CVD, MI, stent thrombosis, and bleeding. Stent thrombosis was defined as definite, probable, and possible, based on the Academic Research Consortium's definition of stent thrombosis. 16 Bleeding was recorded if severe or life-threatening as defined by GUSTO criteria. 17 We evaluated clinical endpoints through review of electronic medical records, and last clinical follow-up was used as last censored time event. If available, coronary angiograms were reviewed to ascertain stent thrombotic events.
Statistics
We 10 To assess the added prognostic value of FXIIIa to TEG-MA measurements, we divided the study group into subjects with either low or high FXIIIa, with cutoff (<83.51%) derived from ROC analysis (AUC: 0.572, p ¼ 0.164; ►Table 1). Similarly, we determined the cutoff for low TEG-K (K < 1.15 min, AUC: 0.6; p ¼ 0.06) for inclusion in risk prediction score. Subjects with high FXIIIa (!89.51%) were younger, had more often presented with STEMI, and were more likely to have been treated with prasugrel (►Table 1). Subjects with high FXIIIa showed shorter clot formation times (TEG-K) and higher maximal clot strength (TEG-MA), but no significant difference in time to clot formation (TEG-R; ►Table 2).
Survival free analysis by Kaplan-Meier demonstrated significantly increased risk for the primary combined endpoint of CVD and MI, as well as MI and stent thrombosis (►Fig. 2) in subjects with high clot strength (MA; ►Fig. 2), as previously reported. Short clot formation time (K) and high FXIIIa were both associated with significantly increased risk of CVD and MI, and MI alone, but not stent thrombosis (►Fig. 2).
Cox regression analysis was performed with forward conditional adjustment for baseline clinical variables. Both unadjusted and adjusted hazard ratios and 95% confidence intervals for individual clinical endpoints are provided in ►Table 3 for high versus low MA. High MA remained associated with increased hazard for the occurrence of CVD or MI, CVD, and MI after adjustment in multivariate analysis (►Table 3). There was a nonsignificant trend toward increased bleeding events in subjects with low MA (►Table 3).
The combination of low TEG-K with high TEG-MA was associated with increased risk of occurrence of the primary endpoint (►Figs. 1 and 2), and therefore a "TEG risk score" was explored that would focus on a more select group of Prediction of Ischemic Events after PCI: TEG Profiles and FXIIIa Activity Kreutz et al. e176 Prediction of Ischemic Events after PCI: TEG Profiles and FXIIIa Activity Kreutz et al. e177
subjects at risk who exhibited both high MA and low K. Both unadjusted and adjusted hazard ratios for high TEG risk score were significant for occurrence of CVD/MI, MI, and probable, possible, and definite stent thrombosis (►Table 4). Next the risk associated with high FXIIIa was analyzed and increased hazard was observed for occurrence of CVD and MI, and MI alone, that remained significant after adjustment in multivariate analysis (►Table 5). High FXIIIa was associated with more frequent bleeding events, although this difference was not statistically significant (►Table 5). Next the integration of high MA, low K, and high FXIII into a combined TEG/FXIII risk score was explored. The presence of at least two of three risk variables (high MA, low K, and high FXIIIa) was associated with increased risk for CVD and MI, MI alone, and stent thrombosis after multivariate adjustment (►Table 6). Sensitivity and specificity of each risk score are summarized Prediction of Ischemic Events after PCI: TEG Profiles and FXIIIa Activity Kreutz et al. e178
in ►Table 7. Addition of low K, high FXIII, individually or in combined risk score, did not significantly improve sensitivity and specificity as compared with use of high TEG-MA alone with lower AUC values for endpoints listed (►Table 7).
Discussion
The results of our study demonstrate that patients who form mechanically shear resistant, high strength plasma fibrin clot (high MA) with short clot formation time (low K) appear to be at risk for recurrent thrombotic events after coronary stenting, in specific CVD and MI, as well as stent thrombosis. We demonstrate a correlation between these parameters to a certain extent, particularly MA, K, and R. In addition, FXIIIa levels correlate with final maximal plasma fibrin clot strength and inversely with clot formation time, as previously demonstrated for whole blood and plasma TEG measurements in normal control populations.
2,11 Our exploratory analysis demonstrates that high FXIIIa was associated with modest increase in risk of recurrent CVD and MI, but not stent thrombosis. Inclusion of TEG-K and FXIIIa into exploratory risk scores did not further increase the performance of high plasma fibrin TEG-MA as predictor of recurrent thrombotic events after coronary stenting. While high clot strength (MA) in whole blood has been accepted as a risk variable for arterial thrombosis, there has been less awareness of clot formation time (K) as additional parameter of clot kinetics in prognostic risk, and our findings of ischemic risk associated with this parameter are noteworthy. 9, [18] [19] [20] [21] [22] In particular, rapid clot formation is dependent on rapid generation of thrombin as well as fibrin generation and cross-linking, both parameters that can be altered by treatment with anticoagulants. 23 In addition, anticoagulants such as heparin or factor Xa antagonists loosen clot structure, rendering it more susceptible to fibrinolysis. 20 This may be important, since the recent "Cardiovascular Outcomes for People Using Anticoagulation Strategies" (COMPASS) trial demonstrated superiority of combined treatment with low-dose rivaroxaban and aspirin over aspirin alone in the prevention of recurrent events in patients with stable CAD. 5 The combination of rivaroxaban 2.5 mg twice daily and aspirin 100 mg daily demonstrated a reduction in combined cardiovascular ischemic endpoints, and also overall mortality as compared with aspirin alone. 5 The protection from ischemic events in COMPASS came at the cost of a mild increase in bleeding events, which may limit the broad applicability of combined aspirin and rivaroxaban in clinical practice. Thus, an ex vivo assay that may identify subjects with evidence of procoagulant tendency, such as low K and high MA, may possibly be able to identify patients who most benefit from treatment with anticoagulants. The results of our study suggest that FXIIIa contributes at least in part to high clot strength phenotype, and may in part contribute to risk of subsequent coronary thrombotic events, although only modestly. The importance of FXIIIa in both venous and arterial thrombosis is increasingly recognized.
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The majority of circulating FXIII is stored in platelets, and FXIIIa exposed on the surface of activated platelets contributes to stabilization of FXIII-depleted thrombi and antifibrinolytic function. 13, 24, 25 Red blood cell retention in whole blood thrombus is dependent on FXIIIa. 26 Platelets from FXIII-deficient patients exhibit decreased platelet activation and adhesion to fibrinogen. 27 We have previously demonstrated a rise in FXIIIa concentration in plasma supernatant occurring after platelet aggregation, suggesting some degree of release of FXIIIa into plasma from platelets, the mechanism of which remains unclear. 28 It is reasonable to assume that platelets activated at the site of arterial thrombus contribute to fibrin clot stabilization either by direct or indirect exposure of FXIIIa contents.
In our study, we may have underestimated the effect of plateletbound FXIII by utilizing platelet-poor plasma for TEG measurements and FXIIIa assays. The contribution of platelet-bound FXIIIa may be detected with whole blood-based TEG assays, but the differential contribution of FXIIIa activity versus platelets and fibrin is more difficult to interpret. While similar in concept, the measurements of plasma fibrin MA in our study are higher than what is generally observed for activator channel used in whole blood TEG platelet mapping systems. Activator channel in whole blood TEG platelet mapping assay uses externally added reptilase to cleave fibrinogen into fibrin in the absence of thrombin formation which is inhibited by Prediction of Ischemic Events after PCI: TEG Profiles and FXIIIa Activity Kreutz et al. e179
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heparin, as well as added FXIIIa to cross-link fibrin, thus not requiring in vivo cleaving of FXIII by thrombin into A and B subunits. The difference in MA between the methods is consistent with lower clot strength seen for same TEG assays performed in whole blood as compared with platelet-rich plasma, possibly due to incorporation of red cells into fibrin network. 1 Also the difference in anticoagulants in both assays (citrate vs. heparin) and absence of thrombin in activator channel could influence effectiveness of fibrin cross-linking and the final result of fibrin clot strength. Due to extrinsic addition of FXIIIa in activator channel of whole blood TEG assays, activation of FXIII does not occur at sites usually exposed to thrombin, such as platelets, microparticles, or red cells. Incorporation of red cells into whole blood thrombus has been shown to be dependent on FXIIIa adding resistance to fibrinolysis. 13, 26 Differences between other functional fibrinogen assays and plasma fibrin clot strength measured in plateletpoor plasma have been previously reported for ROTEM assay.
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While the adjusted hazard ratios for high TEG-MA, low TEG-K, and high FXIIIa are relatively modest, they are still higher than relative risk observed for recurrent MACE with high PRU measured by VerifyNow P2Y12, a now wellaccepted measure of high on treatment platelet reactivity and risk variable after coronary stenting.
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Given the associated bleeding risk with any form of intensified antithrombotic treatment regimens, in particular in subjects at higher risk for bleeding in general, the utility of an ex vivo assay that possess predictive qualities for both risk and harm increases. This is a role that TEG as global thrombosis assay may be poised to accomplish.
Further investigations to assess the utility of inhibition of FXIIIa to moderate thrombotic risk may be warranted; however, this therapeutic approach may be limited by the increased risk of adverse bleeding as observed in patients with inherited FXIII deficiency.
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Limitations of our study include the relative small sample size and the relatively modest predictive values for TEG-MA, TEG-K, and FXIIIa. Our study was not powered to evaluate the performance of TEG or FXIIIa activity measurements in prediction of bleeding risk, and we did not include fibrinogen measurements. In addition, the contribution of FXIIIa stored in platelets to thrombosis may have been underestimated by use of platelet-poor plasma samples in TEG measurements.
Conclusion
High plasma fibrin clot strength (TEG-MA), short clot formation time (TEG-K), and high FXIIIa were associated with increased risk of recurrent thrombotic events after coronary intervention. High plasma fibrin clot strength (TEG-MA) without incorporation of other parameters was superior to combination of all parameters in combined predictive risk scores.
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